The non-alloyed hypo-eutectoid steel C45 was annealed in a steady air atmosphere at T > A C1 using three temperature ranges and annealing times t a = 1 2 , 1 and 2 h. The oxidation and decarburization obeyed the parabolic law of growth with time and increased with higher temperatures and longer annealing times. The maximum visible thickness of the decarburized surface layer for all the temperature ranges can be predicted from the equations for the oxidation of iron and from the Van-Ostrand-Dewey equation (derived from Fick's 2nd law) for the distribution of carbon. In this relation, the equation that gives the lowest values for the diffusion coefficient of carbon in austenite is appropriate. It was found that the Van-Ostrand-Dewey equation is applicable at T > A C1 , despite the fact that it was derived for the decarburization of austenite at T > A G . A comparison of the results showed that the depth of the decarburization with a carbon content of 0.91-0.98C 0 can be determined with optical metallography and that both the theoretical and measured values are, in general, mutually accurate in the regions of 93% to 98%. In practice, visible decarburization might not be present under some conditions while annealing in a steady air atmosphere. The reason for this is that the process of oxidation is faster than the process of decarburization. Considering the oxidation of steel under these conditions, annealing in a steady air atmosphere can be performed without any protective measures.
Introduction
The hot working and annealing associated with most of the heat treatments for non-alloyed and low-alloyed steels takes place in the austenite or austenite-ferrite microstructural region, which means that the annealing temperatures are higher than A C1 [1, 2] . Both strong oxidation and decarburization of the steel's surface occur when annealing at these temperatures in an oxidizing atmosphere [3] [4] [5] [6] [7] [8] [9] . The decarburization occurs as the steel shifts towards the thermodynamic equilibrium between itself and the atmosphere, but in an oxidizing atmosphere this equilibrium cannot be achieved. Under these conditions the iron oxidizes, mainly into FeO, while the carbon oxidizes into the gaseous products CO and CO 2 . The oxidation of the carbon on the steel's surface creates and maintains the concentration gradient of the carbon between the surface and the interior of the steel. A consequence of this is the constant diffusion of the carbon from the interior towards the surface of the steel and the growth of the decarburized surface layer towards the interior. In practice it is necessary to prevent or reduce the decarburization of steel as much as possible, either by using a protective atmosphere or by annealing under conditions for which the process of oxidation is faster than the process of decarburization. Steel has a ferrite-austenite microstructure during the whole of the annealing time when annealing at the temperatures AC1 < Ta < AC3 (Figure 1a ). At these temperatures a thermodynamic equilibrium exists between the ferrite with a constant carbon content CαG-P1 and the austenite with a constant carbon content CγG-S1 > C0. This thermodynamic equilibrium exists for the whole volume of the steel and the consequence is a sharp concentration gradient between both phases (Figure 1a,b) . The carbon content of austenite is therefore, during the whole of the annealing time, higher than the initial carbon content of the steel C0 (different papers describe the decarburization of the surface in this temperature range with an initial carbon concentration C0, which is wrong; the decarburization cannot be correctly described because C0 is not present in any of the microstructural components at Steel has a ferrite-austenite microstructure during the whole of the annealing time when annealing at the temperatures A C1 < T a < A C3 (Figure 1a ). At these temperatures a thermodynamic equilibrium exists between the ferrite with a constant carbon content Cα G-P1 and the austenite with a constant carbon content Cγ G-S1 > C 0 . This thermodynamic equilibrium exists for the whole volume of the steel and the consequence is a sharp concentration gradient between both phases (Figure 1a,b) . The carbon content of austenite is therefore, during the whole of the annealing time, higher than the initial carbon content of the steel C 0 (different papers describe the decarburization of the surface in this temperature range with an initial carbon concentration C 0 , which is wrong; the decarburization cannot be correctly described because C 0 is not present in any of the microstructural components at these temperatures; and the initial carbon concentration can only be used at temperatures T ≥ A C3 ). A surface ferritic layer α S will form during the annealing in an oxidizing atmosphere, mostly because of the surface decarburization of the austenite. The carbon content Cα S = 0 is therefore quickly achieved on the outer side of this layer (the phase boundary air/α S ). Meanwhile, the carbon content on the inner side of this ferrite layer is, all the time, equal to Cα S = Cα G-P1 , which is in equilibrium with the austenite that has a carbon content Cγ G-S1 > C 0 during the whole of the annealing time. The state on the inner side of the decarburized ferrite layer α S is therefore the same as the state between the austenite and the ferrite grains in the whole non-decarburized volume of the steel. The equilibrium between the ferrite grains and the carbon-rich austenite in the whole volume of the steel means that the decarburization of the austenite, when annealing in the (α + γ) region, is only possible on the inner side of the surface ferrite layer α S . The austenite can therefore only decrease its carbon content on the α S /γ phase boundary. This means that after cooling there exists only a completely ferritic surface layer, under which there is no visible partially decarburized layer that would have a higher ferrite content compared to the initial microstructure. A more or less frontal growth of the ferrite surface layer α S during the annealing at temperatures A C1 < T a < A C3 , without a partially decarburized layer, is therefore a consequence of the volume thermodynamic equilibrium between the ferrite with a carbon content Cα S = Cα G-P1 (the ferrite on the inner side of the ferrite surface layer and all the ferrite grains in the whole volume of the steel) and the austenite with a carbon content Cγ G-S1 > C 0 (all the austenite grains in the whole volume of the steel), which consequently causes decarburization of the austenite only, on the inner boundary with the surface ferrite layer α S .
Steel has a mono-phase austenite microstructure at A C3 < T a < T G temperatures (Figure 1a ). During the annealing in an oxidizing atmosphere only the decarburization of austenite will occur on the surface at first, while later, when crossing the G-S line, the ferrite surface layer α S will start to form. The carbon content of the ferrite on the outer side of this layer (the phase boundary air/α S ) quickly reaches the value Cα S = 0, while the carbon content in the ferrite on the inner side of this layer is always Cα S = Cα G-P2 , which is in a thermodynamic equilibrium with the partially decarburized austenite with a carbon content Cγ G-S2 < C 0 (Figure 1a,c) . The concentration gradient of the carbon between the ferrite on the inner side of the surface layer and the austenite is sharp, while in the austenite it slowly drops with the depth in the direction from Cγ G-S2 towards C 0 (Figure 1c ), because of the concentration profile of the carbon, defined by the Van-Ostrand-Dewey equation. During annealing in this temperature range there is a decarburized layer that is made of a surface ferrite layer, under which there is a layer of partially decarburized austenite. This is one reason for the existence of a visible, partially decarburized, ferrite-pearlite layer under the completely decarburized ferrite surface layer α S after cooling. This partially decarburized ferrite-pearlite layer shows an increasing content of pearlite as we move towards the interior, until it reaches its equilibrium content at the depth where the carbon content is C 0 . It is known that the thickness of a partially decarburized layer does not change very much during annealing, regardless of the annealing time [9] . The thickness of the partially decarburized layer in this temperature range is therefore controlled by the ratio of the diffusion rates of the carbon in the surface ferrite layer and in the austenite.
When annealing at T a > T G the steel has a mono-phase austenite microstructure for the whole duration of the annealing (Figure 1a ), and when annealing in an oxidizing atmosphere the decarburization of the austenite occurs. The carbon concentration in the austenite changes from Cγ S = 0 on the surface towards C 0 in the interior (Figure 1a ,d) in accordance with the Van-Ostrand-Dewey equation (derived from Fick's 2nd law), which means that the carbon concentration gradient slowly decreases with the depth. In the case of a complete decarburization of the surface, the microstructure after cooling consists of a ferrite layer, under which is a thick, partially decarburized, ferrite-pearlite microstructure. The pearlite content increases continuously, until it reaches the equilibrium content in the depth with a nominal carbon content C 0 .
In practice, it is not necessary that all the mentioned microstructures will be visible after cooling. The reason is the velocity of the simultaneous reactions of oxidation and decarburization of the surface at the annealing temperature [5] [6] [7] [8] [9] [10] [11] . If the oxidation lags behind the complete decarburization then there is a reduced, completely decarburized layer as well as a whole, partially decarburized layer visible after cooling. If the oxidation and complete decarburization happen with the same rate, it means that after cooling there will only be a whole, partially decarburized layer that is visible. If the rate of oxidation is higher than the rate of complete decarburization and partially higher than the rate of partial decarburization, then there is only a reduced, partially decarburized layer that is visible after cooling. If the process of oxidation is as fast as, or faster than, both the complete and partial decarburization, then there will be no decarburized layer visible after the cooling. The oxidation of steel is faster when the annealing conditions and certain phenomena during annealing greatly reduce or prevent the oxidation of the carbon on the surface. This then prevents the formation of a concentration gradient between the surface and the interior of the steel, which is the basis for the carbon diffusion to the surface (the decarburization conditions and phenomena are discussed in individual sections). The lack of visible decarburization also happens when the annealing time is too short, due to the incubation period, which is a result of the initial surface oxidation and the formation of an impermeable oxide layer.
Theoretical Overview of the Oxidation of Hypo-Eutectoid Carbon Steel at T > A C1
Steel is non-alloyed when the content of alloying elements does not fundamentally affect the steel's properties. It is a fact that all chemical elements whose affinity for oxygen is higher than that of iron will reduce the rate of oxidation because of the formation of more complex oxide layers, for example, MnO·SiO 2 or 2MnO·SiO 2 [2] . The amounts of these chemical elements in non-alloyed steels are low enough so that their oxide layers are discontinuous and permeable, which means that they can be neglected in a theoretical discussion of the oxidation and decarburization of a non-alloyed steel surface. Accordingly, the only oxidation reactions discussed in the following text are those of iron and carbon (Figure 2a ), chosen from the Richardson-Jeffes diagram of oxide formation ∆G • -T [12] . The consequence of the oxidation of iron is an oxide surface layer, while the consequence of the oxidation of carbon is the decarburization of the steel's surface layer. It is important to know that the conditions causing the oxidation of steel also always cause its decarburization.
Oxidation of Iron
Air is composed of 78 vol % N 2 , 21 vol % O 2 and 1 vol % other gases. The partial pressure of oxygen in air is therefore p O2 = 2.1×10 4 Pa = 0.21 atm. From the Richardson-Jeffes diagram of the formation of oxides ∆G • -T [12] , we can see that iron oxidizes up to its melting point at this pressure. Considering the Fe-O phase diagram, the oxide layer on the iron and non-alloyed steel surface consists of FeO when annealing in air at temperatures T > 570 • C. In reality the high partial pressure of oxygen and the different valence numbers of iron create an oxide layer consisting of three different oxides at these temperatures. These oxides are present in a sequence from the one with the lowest amount of oxygen closest to the metal to the one with the highest amount of oxygen closest to the atmosphere: FeO/Fe 3 O 4 /Fe 2 O 3 -wüstite/magnetite/hematite ( Figure 2b ). Their relative thickness is mainly constant and not dependent on the thickness of the oxide layer, and at T > 700 • C is roughly 95% FeO, 4% Fe 3 O 4 and 1% Fe 2 O 3 [2, [11] [12] [13] [14] . At the temperature T = 570-800 • C it is, however, possible to find results that deviate in terms of compositions as well as thicknesses of the individual layers, which demonstrates the complexity of the oxidation of iron and non-alloyed steel in this temperature range [14] . The formation of the three-layered oxide layer can be explained in a simple way using the chemical reactions of the direct oxidation of iron with oxygen. In reality, the formation of the three-layered oxide layer is more complex, as it grows on the phase boundaries FeO/Fe 3 O 4 and Fe 3 O 4 /Fe 2 O 3 , which is a consequence of specific transport processes through the individual oxide [6, 12] ; (b) the mechanism of formation of the surface three-layered oxide, arranged according to [15, 16] .
The composition of the three-layered oxide layer with a majority of FeO shows that the oxidation of iron and non-alloyed steel at T > 570 • C is controlled by the formation of FeO. Because oxygen is unable to reach both the metal surface and the phase boundary FeO/Fe 3 The thicknesses of the individual oxides in the oxide layer show that iron diffuses much faster in wüstite than in magnetite, and that the diffusion of iron and oxygen through hematite is very slow.
Regardless of the fact that the rate of oxidation of the non-alloyed steel is supposed to be lower than that of the oxidation of iron [14] , the growth of the oxide layer on the surface of the iron and the non-alloyed steel at T > 570 • C is in accordance with the parabolic law [3, 14] . The thickness of the oxide layer formed on the surface of the iron d ox is calculated with the following equation [2, 11] :
where t a is the annealing time (s) and T a is the absolute annealing temperature (K). The three-layered oxide layer based on FeO does not have a protective character for two reasons: One is the high permeability of FeO to the diffusion of Fe 2+ cations through the oxide because of the presence of cation vacancies in the FeO crystal structure, which is a consequence of the nonstoichiometric structure (the accurate chemical formula of wüstite is Fe 1−x O, which means that there are more O 2− anions than Fe 2+ cations in the crystal structure; as there is a lack of cations, the electrical neutrality has to be maintained with the presence of cation vacancies and, for example, Fe 3+ ions). The second reason is that the oxide layer is not compact, which is a consequence of the porosity and the fractures in the oxide that give the air easy access to the steel's surface. The porosity itself is a consequence of joining the cation vacancies, while the fractures are caused by the limited plasticity, by the inability of the above-critical thickness of the FeO layer to adjust to the steel surface, and by the internal stresses in the oxide that originate from several causes: From the differences between the thermal expansion of FeO and steel (the γ→α transformation during the decarburization at A C1 < T a < T G causes the coefficient of thermal expansion of the steel surface to also change), the differences in the thermal expansion of the individual oxides in the oxide layer, the changes in the composition of FeO across its thickness, and from the phase transformations of the oxide layers and the steel (the formation of ferrite causes the surface to expand at A C1 < T a < T G , while at T a > T G it shrinks because of the decarburization of austenite). The consequence of the stresses in the oxide is a local decohesion and blistering of the oxide layer (additionally, because of the irregular composition and thickness of the oxide, stresses in the oxide between the areas with blisters and the areas without them form; also gases collect in the blisters, where the pressure increases, and if the critical pressure is reached, they will burst). The tendency for peeling and cracking increases with the greater thickness of FeO; this occurs at thicknesses that are larger than d ox ≈ 50 µm [13] . In general, it is known that the oxidation in blisters is slower than in the areas where the oxide tightly fits to the steel surface [13, 14] . This is a consequence of the bad contact between the peeled oxide layer and the steel surface, and the interrupted flow of the iron ions that is required for the formation of the oxide layer [14] .
The volume of the iron oxides is larger than the volume of the steel from which they are formed. This is known as the Pilling-Bedworth ratio (PB) and is equal to 1.67-1.83 for the FeO/Fe-α system, 2.10 for Fe 3 O 4 /Fe-α and 2.14 for Fe 2 O 3 /Fe-α [2] . The PB ratio for the three-layered oxide layer is calculated in terms of the relative thicknesses of the individual layers. By taking the middle value of the PB for FeO/Fe-α, the PB ratio for the three-layered Fe-oxide is PB = 1.75×0.95 + 2.10×0.04 + 2.14×0.01 ≈ 1.77. This means that the thickness of the oxidized iron d m , from which the oxide layer with a thickness of d ox is created during the annealing at T > 570 • C in an air atmosphere, is equal to [11] :
where the d m dimension is important for several reasons. In engineering, it is necessary to increase the thickness of the machine elements by at least d m before annealing. If the machining happens after the annealing then d m must be included as an addition for the mechanical treatment (turning, grinding), which must also include the possible thickness of the decarburized layer. In the theoretical analysis of the diffusion processes in the surface layer, the dimension d m is included in the calculated value of the diffusion distance, if the equation does not include the oxidation of the steel. The value of d m is therefore added to the visible or measured thickness of the decarburized layer when determining the absolute depth of the decarburization of non-alloyed steel. Figure 3 shows the calculated values of the thicknesses of the oxide layer d ox and the thicknesses of the oxidized iron d m , from which the oxide layer d ox is formed during the annealing in air for the used experimental conditions of the annealing. 
Oxidation of Carbon
When discussing the oxidation of carbon, it is necessary to take into account the microstructure of the steel at the annealing temperature and the temperature range of the stability for CO2 and CO. Carbon in non-alloyed hypo-eutectoid steel at temperatures T > AC1 is only present in a solid solution, dissolved in Fe-α (ferrite) and/or in Fe-γ (austenite). The ferrite is stable at T < TG or T < AC3, while the austenite is stable at T > AC1.
Carbon reacts with oxygen creating CO and CO2 during the annealing of the steel in air. The reactions of the direct oxidation of carbon with oxygen (C + O2 → CO2 and 2C + O2 → 2CO; Figure 2 ) intersect at T ≈ 700 °C. The lines of both reactions show that at T > 700 °C CO is more stable or that CO is preferentially formed at T > AC1. This means that, with respect to the Boudouard equilibrium (C + CO2 ↔ 2CO, Figure 2 ), the reaction goes from left to right at T > 700 °C [12, 17] or that there is a tendency towards decarburization at T > AC1. Because an increasing temperature means that the carbon preferentially burns to form CO, the equilibrium content of CO in the formed gas mixture also increases ( Figure 4 ). The equilibrium content of carbon in austenite at the annealing temperature, based on the composition of the atmosphere in the furnace, is shown with lines that are moved to the right of the Boudouard equilibrium at T > AC1 (Figure 4 ). A curve from which the lines of the equilibrium carbon concentration in austenite are coming out is the equilibrium between the austenite and the ferrite in the two-phase region (α + γ), and under this line the equilibrium amount of carbon in ferrite is present. It is important to know that gas mixtures (CO + CO2) cause the decarburization of steel if their composition is below or to the right of the equilibrium line for that steel, while they cause 
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Carbon reacts with oxygen creating CO and CO 2 during the annealing of the steel in air. The reactions of the direct oxidation of carbon with oxygen (C + O 2 → CO 2 and 2C + O 2 → 2CO; Figure 2 ) intersect at T ≈ 700 • C. The lines of both reactions show that at T > 700 • C CO is more stable or that CO is preferentially formed at T > A C1 . This means that, with respect to the Boudouard equilibrium (C + CO 2 ↔ 2CO, Figure 2 ), the reaction goes from left to right at T > 700 • C [12, 17] or that there is a tendency towards decarburization at T > A C1 . Because an increasing temperature means that the carbon preferentially burns to form CO, the equilibrium content of CO in the formed gas mixture also increases ( Figure 4 ). The equilibrium content of carbon in austenite at the annealing temperature, based on the composition of the atmosphere in the furnace, is shown with lines that are moved to the right of the Boudouard equilibrium at T > A C1 (Figure 4 ). A curve from which the lines of the equilibrium carbon concentration in austenite are coming out is the equilibrium between the austenite and the ferrite in the two-phase region (α + γ), and under this line the equilibrium amount of carbon in ferrite is present. It is important to know that gas mixtures (CO + CO 2 ) cause the decarburization of steel if their composition is below or to the right of the equilibrium line for that steel, while they cause carburization if their composition is above or to the left of that line. . Equilibrium for gas mixtures (CO + CO2) in the C-O system for the reactions of decarburization or carburization at pressure p = 1 atm; arranged according to [15, 17] .
It is important to consider, especially in the initial stage of annealing, that in the initial stage of the steel's oxidation the oxide layer is still compact and the decarburization is suppressed because the formed carbon oxides are unable to enter into the atmosphere. That is to say, the steel/FeO phase boundary is the location of the formation and accumulation of the gas mixture (CO + CO2), the composition of which controls the process of decarburization. There are several oxidation reactions happening simultaneously during the annealing in air at T > AC1. Because the steel oxidizes already during heating towards the annealing temperature, there is a thin but compact layer of FeO already present on the steel's surface at T > AC1. As the oxygen does not diffuse through FeO, the decarburization of the steel's surface in the initial stage of annealing is only possible with the surface reaction of carbon in a solid solution of iron [C]Fe and wüstite [3, 6, 14] :
Initially, the steel decarburizes though both reactions when annealing at AC1 < Ta < AC3; however, it only decarburizes by Reaction (e) once the continuous ferrite layer is formed. At AC3 < Ta < TG the steel initially decarburizes by Reaction (f), but once a continuous ferrite layer is formed it decarburizes by Reaction (e). Decarburization happens by Reaction (f) at all times at T > TG. Part of the formed CO reacts further with FeO [3, 14] :
Because CO is more stable at T > AC1 a part of the formed CO2 reacts further with the carbon dissolved in the solid solution with the Boudouard reaction [3, 6] :
The iron formed in Reactions (e)-(g) diffuses through the oxide layer as a result of the constant oxidation; at the same time there is an accumulation of a gas mixture with a high content of CO at the steel/FeO boundary. Because of this, the decarburization slows down drastically after some time or it can stop for a short period of time. There might even be an occurrence of the carburization of the surface [3] . This means that in the initial phase, after some time, the composition of the created gas mixture (CO + CO2) between the oxide and the steel reaches a composition that lies on the equilibrium lines or even to the left of them ( Figure 4 ). Later, after a short pause, the decarburization accelerates . Equilibrium for gas mixtures (CO + CO 2 ) in the C-O system for the reactions of decarburization or carburization at pressure p = 1 atm; arranged according to [15, 17] .
It is important to consider, especially in the initial stage of annealing, that in the initial stage of the steel's oxidation the oxide layer is still compact and the decarburization is suppressed because the formed carbon oxides are unable to enter into the atmosphere. That is to say, the steel/FeO phase boundary is the location of the formation and accumulation of the gas mixture (CO + CO 2 ), the composition of which controls the process of decarburization. There are several oxidation reactions happening simultaneously during the annealing in air at T > A C1 . Because the steel oxidizes already during heating towards the annealing temperature, there is a thin but compact layer of FeO already present on the steel's surface at T > A C1 . As the oxygen does not diffuse through FeO, the decarburization of the steel's surface in the initial stage of annealing is only possible with the surface reaction of carbon in a solid solution of iron [C] Fe and wüstite [3, 6, 14] :
Initially, the steel decarburizes though both reactions when annealing at A C1 < T a < A C3 ; however, it only decarburizes by Reaction (e) once the continuous ferrite layer is formed. At A C3 < T a < T G the steel initially decarburizes by Reaction (f), but once a continuous ferrite layer is formed it decarburizes by Reaction (e). Decarburization happens by Reaction (f) at all times at T > T G . Part of the formed CO reacts further with FeO [3, 14] :
Because CO is more stable at T > A C1 a part of the formed CO 2 reacts further with the carbon dissolved in the solid solution with the Boudouard reaction [3, 6] : The iron formed in Reactions (e)-(g) diffuses through the oxide layer as a result of the constant oxidation; at the same time there is an accumulation of a gas mixture with a high content of CO at the steel/FeO boundary. Because of this, the decarburization slows down drastically after some time or it can stop for a short period of time. There might even be an occurrence of the carburization of the surface [3] . This means that in the initial phase, after some time, the composition of the created gas mixture (CO + CO 2 ) between the oxide and the steel reaches a composition that lies on the equilibrium lines or even to the left of them ( Figure 4) . Later, after a short pause, the decarburization accelerates rapidly, which is definitely a consequence of the formation of a highly permeable oxide layer (it can be assumed that, in the case of yet un-cracked blisters of oxide, both the oxidation and decarburization of the steel are reduced on those spots). The formed carbon oxides can go into the atmosphere through the cracks in the oxide layer, while oxygen has free access to the steel surface. From this moment on, it can be considered that the composition of the gas mixture on the steel/FeO boundary is constant and, because of the total surface decarburization, it lies in the ferrite region at A C1 < T a < T G while lying under the equilibrium line for the austenite with a carbon content of C = 0.05 wt % at T a > T G (Figure 4 ). The oxidation of iron increases because of this, while simultaneously also the decarburization increases as the reactions of the direct oxidation of carbon with oxygen start:
The larger part of the CO 2 created by these reactions reacts with the carbon in the solid solution in accordance with Reactions (h) and (i) because of the high temperatures. Decarburization in the ferrite occurs through Reactions (e), (h), (j) and (k), while in the austenite it occurs by Reactions (f), (i), (l) and (m).
After achieving its maximum, the rate of decarburization slowly decreases with an increasing annealing time, showing a decrease in the amount of the formed gases CO and CO 2 [5] . The reason is a continuous surface ferrite layer (at A C1 < T a < T G ) or a highly decarburized surface austenite layer (at T a > T G ) with a drastically reduced activity of carbon [4] , a small concentration gradient of carbon and also with the diffusion of carbon being a controlled process of decarburization through highly decarburized surface layers. As longer annealing times mean a thicker decarburized surface layer, this also means that the diffusion distance for the carbon atoms in the decarburized layer also increases. This decreases the effectiveness of the driving force for the movement of the carbon atoms through the decarburized layer (the concentration gradient of the carbon slowly decreases with time because of the thickening of the totally decarburized surface layer); the consequence being additional decreases in the process of decarburization. This is why the time dependency of the growth of the decarburized layer, similar to the growth of the oxide layer on the surface of the iron, is parabolic [3, 18] .
Experimental
For the purpose of this research, a non-alloyed hypo-eutectoid steel C45 was chosen, the chemical composition of which was measured with an emission spectrometer (in wt %: C = 0.43, Si = 0.22, Mn = 0.61, P = 0.034, S = 0.014) with approximate temperatures of phase transitions A C1 = 735 • C and A C3 = 785 • C [19] and with a ferrite-pearlite initial microstructure. The samples were a rectangular cuboid shape with average dimensions of 40 mm × 30 mm × 17 mm, and with a mass m = 160 ± 20 g. All the samples were weighed before annealing and placed in groups in such a way that the masses of all three samples annealed at the same temperature for different times were within 5 g of each other. The surfaces of the samples were grinded and so were without any traces of oxides prior to the annealing. The effect of surface oxides on the kinetics of decarburization was negated with grinding prior to annealing, as oxides present on the surface before the annealing increase the visible decarburization [20] .
The annealing took place in steady air (the humidity was not measured) at the annealing temperatures T a = 760 • C, 850 • C, 950 • C, 1100 • C and the annealing times t a = 1 2 , 1, 2 h in a CARBOLITE laboratory electric resistance furnace with the volume of the chamber V = 22 dm 3 . Each sample was placed in the same spot in the preheated furnace on a firebrick in the middle of the annealing chamber, at the annealing temperature. This ensured the same conditions and the fastest heating of each sample to the annealing temperature. The heating and annealing temperatures were controlled with an ALMEMO 2590-9 certified contact thermocouple that was touching the side of the sample during the annealing (it was inserted into the furnace through the small hole in the ceiling of the furnace). The annealing time was measured from the time when the temperature on the control thermometer reached T = T a − 0.5 • C. The temperature fluctuation during annealing was
The samples were cooled in steady air outside the furnace after the annealing. The depth of the decarburization was researched using optical microscopy in two ways: Conventionally, with an optical microscope equipped with a reticle, and also with a computer application of the microscope method measuring from a picture on the screen. Metallographic specimens were prepared with wet grinding SiC paper with a granulation up to #4000, polishing with a 1 4 -µm diamond paste and etching with 3% HNO 3 in ethanol. Decarburization of the different surfaces (upper and lateral surfaces that are in contact with the atmosphere, and the bottom surface that is in contact with the firebrick, edges, corners) is not the same because of the different oxidation of these surfaces. Decarburization is, in general, always larger on the surfaces that have less ability to oxidize; therefore, the bottom surfaces are usually decarburized more [4] , which also applies to the edges and corners on rectangular cuboid samples [11, 20] . Both edges and corners are also prone to overheating. This research was focused only on the flat surfaces that were in contact with the atmosphere. The decarburization was measured on three sections perpendicular to the longer side of the sample on the upper and both lateral surfaces of the sample. The depth of the decarburization was also assessed theoretically by taking into account two equations: For the oxidation of the iron and for the distribution of the carbon in the decarburized austenite layer.
Results and Discussion

Oxidation of the Surface of C45 Steel
The steel's surface oxidizes to a greater extent with higher annealing temperatures and longer annealing times. With a higher temperature (e.g. T a = 1100 • C) there are also more carbon oxides CO and CO 2 formed in the same period of time, which means that there is also a high degree of blistering of the oxide layer present after cooling ( Figure 5 ). In the depression in the blistering oxide layer there is a visible fracture that has formed during the isothermal annealing. The proof of this is the very strong decarburization of the steel at this annealing temperature. On the edges the process of oxidation is slower.
The remains of a tightly fitting oxide layer, whose thickness increases with the annealing time, is visible on the samples annealed at T a = 850 • C as it can be seen in Section 4.2.2. (This is not the total thickness of the oxide layer as its surface layer peeled off during the preparation of the metallographic specimens). The oxide layer is porous, but the steel underneath it is not decarburized, which shows a discontinuous porosity. This proves the assumptions that the degree of clinging of the oxide layer to the steel surface has an important effect on the kinetics of the oxidation and decarburization or, in other words, that the tightly fitting oxide layer prevents decarburization because of the higher oxidation rate of the iron.
thickness of the oxide layer as its surface layer peeled off during the preparation of the metallographic specimens). The oxide layer is porous, but the steel underneath it is not decarburized, which shows a discontinuous porosity. This proves the assumptions that the degree of clinging of the oxide layer to the steel surface has an important effect on the kinetics of the oxidation and decarburization or, in other words, that the tightly fitting oxide layer prevents decarburization because of the higher oxidation rate of the iron. The thicknesses of the oxide layers on the annealed samples could not be accurately measured as the oxide layers were crumbling and falling off the surface of the samples during their manipulation. Only the pieces of the oxide layer that peeled off from a sample annealed at T a = 1100 • C for t a = 2 h could be measured reasonably accurately. Their thickness was larger than 1.0 mm, which is comparable to the calculated results ( Figure 3) . A comparison of the calculated results with the experimental-analytical results of the oxidation of steel 55SiCr with 1.51 wt % Si and 0.70 wt % Cr [8] shows that the 55SiCr steel oxidizes more slowly than the C45 steel [(a) T a = 750 • C, t a = 1 h, steel 55SiCr: measured d ox = 30 µm, result calculated with Equation (1) , which is certainly a consequence of the higher content of silicon and the added chromium. Our calculated results are comparable with the measured thicknesses of the oxide layer on carbon steel with the carbon content C = 0.76 wt % (defined as base composition in [4] . When also taking into account our measured results for the peeled-off oxide layer after annealing at T a = 1100 • C, t a = 2 h we consider that Equation (1) accurately describes the oxidation of non-alloyed C45 steel during annealing in steady air. The annealing temperature T a = 760 • C is in the A C1 < T a < A C3 range; therefore, the C45 steel has a dual-phase microstructure (α + γ) during the whole duration of the annealing. This means that in non-alloyed steel with a carbon content C 0 = 0.43 wt % both ferrite with the carbon content Cα G-P ≈ 0.0175 wt % and austenite with the carbon content Cγ G-S ≈ 0.546 wt % are in equilibrium at this temperature (the values are estimated from the Fe-Fe 3 C phase diagram, Figure II-4b ,II-4c in [1] ). During the whole annealing, the concentration gradient of the carbon ∆C/∆x between the ferrite and the austenite is sharp and large (∆C α/γ ≈ 0.529 wt %; x = thickness of the crystal boundary, the distance of a few atoms) and constant between all the ferrite and austenite grains in the whole volume of the steel and with the inner side of the decarburized surface layer (Figure 1b) . ∆C/∆x α is small in the surface ferrite layer with the surface carbon concentration Cα S = 0 and it additionally decreases with longer annealing times (Cα S = 0, ∆C α ≈ 0.0175 wt %, x α = thickness of the ferrite layer, which increases with longer annealing times). The microstructure of the surface part of the C45 steel after annealing is shown in Figure 6 .
temperature (the values are estimated from the Fe-Fe3C phase diagram, Figure II-4b ,II-4c in [1] ). During the whole annealing, the concentration gradient of the carbon ΔC/Δx between the ferrite and the austenite is sharp and large (ΔCα/γ ≈ 0.529 wt %; x = thickness of the crystal boundary, the distance of a few atoms) and constant between all the ferrite and austenite grains in the whole volume of the steel and with the inner side of the decarburized surface layer (Figure 1b) . ΔC/Δxα is small in the surface ferrite layer with the surface carbon concentration CαS = 0 and it additionally decreases with longer annealing times (CαS = 0, ΔCα ≈ 0.0175 wt %, xα = thickness of the ferrite layer, which increases with longer annealing times). The microstructure of the surface part of the C45 steel after annealing is shown in Figure 6 . A clearly visible ferrite layer is formed on the surface as a consequence of the decarburization. Under it there is no visible, partially decarburized layer (see the explanation in Section 2.1). The A clearly visible ferrite layer is formed on the surface as a consequence of the decarburization. Under it there is no visible, partially decarburized layer (see the explanation in Section 2.1). The decarburized layer is discontinuous after short annealing times. There is practically no decarburization on the surface after t a = 1 2 h (Figure 6a -left) and there was only a very locally limited small decarburization area found. The ferrite in this area could have easily been mistaken for a local banded distributed untransformed ferrite in steel, but the ferrite grains in a surface decarburized layer are more polygonal shape (Figure 6a -right). After t a = 1 h the surface is already strongly decarburized (Figure 6b ), part of the decarburized surface is large, while there are still larger areas of surface that did not yet decarburize (here the state is the same as that in Figure 6a -left). After t a = 2 h, there is a continuous decarburized ferrite layer on the surface (Figure 6c ). The measured maximum thicknesses of the decarburized layers after different annealing times are: 50 µm (t a = 1 2 h), 120 µm (t a = 1 h) and 150 µm (t a = 2 h).
Annealing at Temperature T = 850 • C
The annealing temperature T a = 850 • C is in the A C3 < T a < T G temperature range; therefore, the C45 steel has a single-phase γ microstructure during the annealing. However, because of the oxidation of carbon from the surface, the surface area of the austenite with the carbon content Cγ = C 0 = 0.43 wt % is depleted in terms of carbon. When the carbon content in the surface area reduces to Cγ G-S ≈ 0.13 wt % (from Figure II-4b in [1] ), surface ferrite with the carbon content Cα G-P ≈ 0.007 wt % (from Figure II-4c in [1] ) starts to form. This ferrite then quickly decarburizes to Cα S = 0 on the surface. The difference in the carbon concentration in the ferrite is very small (∆C α ≈ 0.007 wt %), while in austenite it is much larger (∆C γ ≈ 0.3 wt %). The carbon concentration gradient ∆C/∆x is, in general, smaller in the ferrite than in the austenite, and it decreases even more with the thickening of the ferrite layer. The carbon concentration gradient between the ferrite and the austenite is constant and sharp, but compared to the annealing at T a = 760 • C, it is much smaller (∆C α/γ ≈ 0.123 wt %; x = thickness of the crystal boundary the distance of a few atoms). In the annealed sample, a surface ferrite layer forms because of the decarburization, under which there is a partially decarburized layer up to the depth where the carbon content is the same as the initial content C 0 = 0.43 wt % (see the explanation in Section 2.1). The microstructure of the surface part of the C45 steel after the annealing is shown in Figure 7 .
sharp, but compared to the annealing at Ta = 760 °C, it is much smaller (ΔCα/γ ≈ 0.123 wt %; x = thickness of the crystal boundary the distance of a few atoms). In the annealed sample, a surface ferrite layer forms because of the decarburization, under which there is a partially decarburized layer up to the depth where the carbon content is the same as the initial content C0 = 0.43 wt % (see the explanation in Section 2.1). The microstructure of the surface part of the C45 steel after the annealing is shown in Figure 7 . A large part of the surface remains non-decarburized, even after ta = 2 h (Figure 7a-c) , which means that the decarburized surface layer is discontinuous under all annealing conditions. A clearly visible, completely decarburized surface ferrite layer, under which there is a partially decarburized layer, only exists in the samples annealed for ta = ½ h and ta = 2 h (this shows the course of the decarburization, as explained in Section 2.1). After short annealing times the ferrite layer is more pronounced, with coarse ferrite grains, as well as being thicker. The reason for this is the slower oxidation. It is interesting that in samples annealed for ta = 1 h there is no visible decarburization (actually there exists a very thin, ≤3 μm thick ferrite layer on some parts of the surface, Figure 7b A large part of the surface remains non-decarburized, even after t a = 2 h (Figure 7a-c) , which means that the decarburized surface layer is discontinuous under all annealing conditions. A clearly visible, completely decarburized surface ferrite layer, under which there is a partially decarburized layer, only exists in the samples annealed for t a = 1 2 h and t a = 2 h (this shows the course of the decarburization, as explained in Section 2.1). After short annealing times the ferrite layer is more pronounced, with coarse ferrite grains, as well as being thicker. The reason for this is the slower oxidation. It is interesting that in samples annealed for t a = 1 h there is no visible decarburization (actually there exists a very thin, ≤3 µm thick ferrite layer on some parts of the surface, Figure 7b -right). The measured maximum thicknesses of the decarburized layers after different annealing times are: Complete decarburization of 160 µm, including 80 µm of ferrite layer (t a = 1 2 h); complete decarburization is equal to the 3 µm thick ferrite layer (t a = 1 h); and complete decarburization of 280 µm, including the 70 µm of ferrite layer (t a = 2 h). The largest anomalies regarding the visible decarburization are found in this temperature range (the characteristic coarse-grained ferrite surface layer is the thickest after t a = 1 2 h, the decarburization is practically not visible after t a = 1 h, a large part of the surface is left non-decarburized even after t a = 2 h, and constant thicknesses of the partially decarburized layer are not observed; the results are therefore different to those in, e.g., [9] ), but they can be explained by the kinetics of oxidation and decarburization and with different fitting of the oxide, which affects the kinetics of these processes. As mentioned before, in general, there is a tightly fitting oxide layer present on the surface of the samples after cooling, especially on the parts that were not decarburized, showing the effect of fitting of the oxide layer on the decarburization of the steel.
Annealing at Temperature T = 950 • C
When annealing at T a = 950 • C (T a > T G ) in an oxidizing atmosphere the austenite with the carbon content Cγ = C 0 = 0.43 wt % is depleted in terms of carbon in the surface area because of the oxidation of the carbon, which is explained in Section 2.1. The layer of completely decarburized austenite with the carbon content Cγ S = 0 forms on the surface, while the carbon content continuously increases towards the interior, until it reaches C 0 = 0.43 wt %. The strongly decarburized surface austenite is transformed into a surface ferrite layer during the cooling in accordance with the Fe-Fe 3 C phase diagram. Under this layer there is a partially decarburized layer with an increasing content of pearlite towards the interior (Figure 8 ).
of the carbon, which is explained in Section 2.1. The layer of completely decarburized austenite with the carbon content CγS = 0 forms on the surface, while the carbon content continuously increases towards the interior, until it reaches C0 = 0.43 wt %. The strongly decarburized surface austenite is transformed into a surface ferrite layer during the cooling in accordance with the Fe-Fe3C phase diagram. Under this layer there is a partially decarburized layer with an increasing content of pearlite towards the interior (Figure 8 ). Lower magnifications showed that the surface is discontinuously decarburized even after ta = 2 h. Higher magnifications, meanwhile, showed that there is a very thin continuous ferrite layer in the "non-decarburized surface areas", which becomes thicker with longer annealing times (ta = ½ h: ≈ 5 μm, ta = 1 h: ≈ 10 μm, ta = 2 h: ≈ 15 μm, left part of Figure 8a -c). This also applies to the more strongly decarburized areas (right-hand part of Figure 8a -c). The measured maximum thicknesses of the locally decarburized layers are: 200 μm, including a 40-μm-thick ferrite or 75-μm-thick predominantly ferrite layer (ta = ½ h); 260 μm, including a 60-μm-thick ferrite or 100-μm-thick predominantly ferrite layer (ta = 1 h); and 400 μm, including a 100-μm-thick ferrite or 150-μm-thick predominantly ferrite layer (ta = 2 h). The steel is, in general, not overheated under these annealing conditions, which is demonstrated by the small polygonal grains.
Annealing at Temperature T = 1100 °C
The austenite with the carbon content Cγ = C0 = 0.43 wt % is depleted in terms of carbon in the surface area because of the oxidation of carbon from the surface when annealing at Ta = 1100 °C (Ta > TG) in an oxidizing atmosphere. There are similar concentration gradients of carbon and the same Lower magnifications showed that the surface is discontinuously decarburized even after t a = 2 h. Higher magnifications, meanwhile, showed that there is a very thin continuous ferrite layer in the "non-decarburized surface areas", which becomes thicker with longer annealing times (t a = 1 2 h: ≈ 5 µm, t a = 1 h: ≈ 10 µm, t a = 2 h: ≈ 15 µm, left part of Figure 8a -c). This also applies to the more strongly decarburized areas (right-hand part of Figure 8a -c). The measured maximum thicknesses of the locally decarburized layers are: 200 µm, including a 40-µm-thick ferrite or 75-µm-thick predominantly ferrite layer (t a = 1 2 h); 260 µm, including a 60-µm-thick ferrite or 100-µm-thick predominantly ferrite layer (t a = 1 h); and 400 µm, including a 100-µm-thick ferrite or 150-µm-thick predominantly ferrite layer (t a = 2 h). The steel is, in general, not overheated under these annealing conditions, which is demonstrated by the small polygonal grains.
Annealing at Temperature T = 1100 • C
The austenite with the carbon content Cγ = C 0 = 0.43 wt % is depleted in terms of carbon in the surface area because of the oxidation of carbon from the surface when annealing at T a = 1100 • C (T a > T G ) in an oxidizing atmosphere. There are similar concentration gradients of carbon and the same phenomena exist in steel as when annealing at T a = 950 • C, but the kinetics are faster because of the higher temperature.
The whole surface is decarburized and the decarburized layer is clearly visible (Figure 9 ). On the surface there is a predominantly ferrite layer. Under this predominantly ferrite layer, the ferrite content continuously decreases with depth, while a higher content of intergranular ferrite shows a more intense diffusion of carbon along the austenite grain boundaries. The steel is strongly overheated, which is shown by the coarse pearlite grains and by the coarse Widmanstätten ferrite microstructure of the partially decarburized layer. The measured maximum thicknesses of the decarburized layers are: 650 µm, including a 200-µm-thick predominantly ferrite layer (t a = 1 2 h); 1000 µm, including a 260-µm-thick predominantly ferrite layer (t a = 1 h); and 1400 µm, including a 300-µm-thick predominantly ferrite layer (t a = 2 h).
more intense diffusion of carbon along the austenite grain boundaries. The steel is strongly overheated, which is shown by the coarse pearlite grains and by the coarse Widmanstätten ferrite microstructure of the partially decarburized layer. The measured maximum thicknesses of the decarburized layers are: 650 μm, including a 200-μm-thick predominantly ferrite layer (ta = ½ h); 1000 μm, including a 260-μm-thick predominantly ferrite layer (ta = 1 h); and 1400 μm, including a 300-μm-thick predominantly ferrite layer (ta = 2 h). 
Theoretical Assessment of the Thickness of the Decarburized Layer
A theoretical discussion of the depth of the decarburization is not simple. During annealing in air the decarburization of steel is initiated by the general oxidation of the steel surface, because of the high partial pressure of oxygen. The reactions of oxidation and decarburization happen at the same time; therefore, the different effects on both processes intertwine, some proportionately and some inversely proportionately. As mentioned earlier, the decarburization is visible only if the oxidation of the steel surface is slower than its decarburization, i.e., when the oxidation of carbon and the carbon diffusion rate is greater than the oxidation rate). Visible decarburization depends on the oxidation potential of the annealing atmosphere, which also determines the degree of oxidation of the surface. This is the reason for the great differences in the visible decarburization that occurs when annealing in air or, e.g., in a mixture of N2 + 2% O2 [8] . Visible decarburization is always larger when annealing in atmospheres with a low oxygen content [8, 10] . It is also affected by the fitting of the oxide layer to the steel surface (poor fitting of the oxide layer increases decarburization due to the reduction of the oxidation rate) and its permeability for the gases (non-permeable oxide layer reduces the decarburization), the carbon content in the steel, and the cooling rate after annealing, while different alloying elements affect the kinetics of oxidation and decarburization. With low cooling rates, when the steel is cooled in the furnace, decarburization also happens during the cooling, especially in the two-phase (α + γ) region where the surface ferrite layer thickens due to slower oxidation. Therefore, in reference to the isothermal annealing, the visible decarburization increases. Conversely, in hypo- 
A theoretical discussion of the depth of the decarburization is not simple. During annealing in air the decarburization of steel is initiated by the general oxidation of the steel surface, because of the high partial pressure of oxygen. The reactions of oxidation and decarburization happen at the same time; therefore, the different effects on both processes intertwine, some proportionately and some inversely proportionately. As mentioned earlier, the decarburization is visible only if the oxidation of the steel surface is slower than its decarburization, i.e., when the oxidation of carbon and the carbon diffusion rate is greater than the oxidation rate). Visible decarburization depends on the oxidation potential of the annealing atmosphere, which also determines the degree of oxidation of the surface. This is the reason for the great differences in the visible decarburization that occurs when annealing in air or, e.g., in a mixture of N 2 + 2% O 2 [8] . Visible decarburization is always larger when annealing in atmospheres with a low oxygen content [8, 10] . It is also affected by the fitting of the oxide layer to the steel surface (poor fitting of the oxide layer increases decarburization due to the reduction of the oxidation rate) and its permeability for the gases (non-permeable oxide layer reduces the decarburization), the carbon content in the steel, and the cooling rate after annealing, while different alloying elements affect the kinetics of oxidation and decarburization. With low cooling rates, when the steel is cooled in the furnace, decarburization also happens during the cooling, especially in the two-phase (α + γ) region where the surface ferrite layer thickens due to slower oxidation. Therefore, in reference to the isothermal annealing, the visible decarburization increases. Conversely, in hypo-eutectoid non-alloyed steels the whole visible decarburization decreases with faster cooling rates. This is a consequence of lowering and bringing closer together the A r3 and A r1 temperatures and with that the conditioned lower content of ferrite at the expense of an increased pearlite content [10, 15] . At some point, for each steel characteristic, the critical cooling rate, the A r3 and A r1 temperatures become equal. At that point there is no more pro-eutectoid ferrite in the microstructure. If the cooling rate is, therefore, high enough for the partially decarburized layer, then the pro-eutectoid ferrite will no longer form in this layer as well and only pearlite will exist there. At even higher cooling rates there is a formation of bainite or martensite in the partially decarburized layer. The partially decarburized layer is not completely visible at higher cooling rates because of this and it might completely disappear at a high enough cooling rate, with only the completely decarburized surface layer left visible. Metallographically, the determined depth of decarburization is therefore always smaller than the actual depth, and the difference becomes larger with higher cooling rates after the annealing. In a metallographic analysis it is also necessary to consider the limited ability of the human eye to detect small differences in the ferrite and pearlite contents or globular cementite in the ferrite (sferoidizing state), which additionally reduces the assessed thickness of the decarburized layer and increases the observational error. More precise values of the depth of the decarburization are determined by microhardness measurements but these are still not as accurate as the actual depths measured using chemical analyses [20, 21] .
There are various models and equations available for calculating the decarburized layer. All are based on Fick's 2nd law. The uncorrected and corrected Van-Ostrand-Dewey equation [5, 6, 8, 22, 23] is used for annealing temperatures T a > T G , as well as a Fourier analysis [23] . The Van-Ostrand-Dewey equation is also used and corrected for creating a diffusion model of decarburization that is based on microhardness measurements [21] . For annealing temperatures T a < T G the equations for the calculation of the completely decarburized surface ferrite layers are known [5, 9, 22, 24] . Some equations also take into account the oxidation of the surface [6, 9, 16, 22, 24, 25] . The thickness of the decarburized layer can also be calculated from the amount of released gaseous carbon oxides [5] . The equations are corrected in different ways or there are algorithms created in such a way that the calculated values for a selected carbon diffusion coefficient are close to the values obtained by the experiments (the possible reasons for discrepancies between the calculated and measured values are described in the previous paragraph). Any discrepancies are also the consequence of a chosen carbon diffusion coefficient in the austenite, which increases with a higher carbon content in the steel [1, 2, 26] . Because of the different ways of determining the carbon diffusion coefficient in austenite, there are many similar equations that give different values at the same temperature as a consequence of the different pre-exponential factors and activation energies [2, [8] [9] [10] [25] [26] [27] [28] . We found that the highest values of the carbon diffusion coefficient in austenite D Cγ are given by an equation from the literature [27] , while the lowest values are given by an equation from the literature [28] : literature [27] : D Cγ = 0.15·e −135000
literature [28] : D Cγ = 0.23·e
−148000
R·Ta , (cm 2 /s)
In both equations, T a is the absolute annealing temperature (K) and R is the gas constant (8.314 J/mol·K). The values that were calculated with other equations from other literature sources as well as diffusion coefficient values read from the diagrams in [1, 26] lie in this range. The diffusion coefficients D Cγ calculated from both equations for the used experimental temperatures are presented in Table 1 . Table 1 . Carbon diffusion coefficients in austenite D Cγ calculated using Equations (1) and (2) .
Equation
T a ( • C/K) 760/1033 850/1123 950/1223 1100/1373
Method of Calculating the Thickness of the Decarburized Layer
We assumed that only the decarburization of austenite takes place under all the annealing conditions (decarburization of the surface ferrite layer was disregarded because of the small concentration gradient, even though the process is controlled by the burning of carbon on the surface of the ferrite layer and by the diffusion of carbon through the ferrite layer). Therefore, we theoretically assessed the thickness of the decarburized layer using the Van-Ostrand-Dewey equation, which describes the decarburization of austenite in terms of the annealing temperature and time [6, 29] :
where: C x is the carbon content in the steel at a distance x from the surface, C x ≤ C 0 (wt %); C 0 is the carbon content in the steel (wt %); D Cγ is the diffusion coefficient of the carbon in the austenite at T a temperature (cm 2 /s); t a is the annealing time at T a temperature (s); and erf [u] is the Gauss error function [30] . When calculating the absolute depth of the decarburization, a distance x = x A is assumed, where the carbon content is equal to C x = C xA = A × C 0 . A is the factor of decarburization and is equal to A = C xA /C 0 ≤ 1 (because of the different assumed distances x A in literature, there are also different values reported for A, e.g., 0.85 [8] , 0.90 [6] , 0.925 [16, 25] and 0.98 [23] ). In the literature [16, 25] , it mentions that it is possible to theoretically assess the depth of the decarburization with a 97% accuracy at the depth x A = x 0.925 with the carbon content C xA = A × C 0 = 0.925C 0 , which is also supposed to be a limit value for the ability to determine the thickness of the decarburized layer by metallography. Equation (5) makes it possible to approach the calculated values with experimental measurements by the method of trial and error, and in this way determine the most appropriate diffusion coefficient of the carbon for a theoretical assessment of the depth of decarburization for concrete experimental conditions. From Equation (5) it follows that A = erf [x A /(2· D Cγ ·t a )] and consequently from the table for erf [u] , that x A /(2· D Cγ ·t a ) = B. From this equation the depth x A is calculated, at which there is a carbon content C xA after annealing:
where: D Cγ is the diffusion coefficient of carbon (cm 2 /s) in austenite at the temperature T a (K); t a is the annealing time (s) at T a , where we can use 10 4 to the convert from cm to µm. It was shown that the applicable equation in our case of decarburization is Equation (4) with the lowest values of the diffusion coefficient D Cγ . The appropriateness of the lowest D Cγ for the analysis of decarburization was already reported in [16, 25] , where the equation for decarburized austenite with the carbon content C = 0 was used for the calculation of D Cγ , although it gives slightly higher values in comparison to Equation (4) . The Equation (4) or D Cγ values calculated with it are already included in all further derivatives of Equation (6) . The calculations showed that the absolute depth of the decarburization for C45 steel with the carbon content C = 0.43 wt % for the used annealing temperatures in steady air is best given using the following derivatives of Equation (6):
T a = 760 • C : A = 0.966 and B ≈ 1.50; x A = x 0.966 = 2.6060· √ t a , (µm) (7) T a = 850 • C : A = 0.962 and B ≈ 1.47; x A = x 0.962 = 5.0922· √ t a , (µm) (8) T a = 950 • C : A = 0.910 and B ≈ 1.20; x A = x 0.910 = 7.9490· √ t a , (µm) (9) T a = 1100 • C : A = 0.980 and B ≈ 1.65;
As Equations (6)-(10) do not take the oxidation of the steel into consideration, the x A represents the absolute depth of the decarburization (x A = d abs dec ), which is equal to the sum of thicknesses of the visible decarburization and the oxidized steel d m . The calculated theoretical visible thickness of the decarburization d th dec is therefore equal to:
If surface hardness is the decisive factor for a particular product, then it is appropriate for the steel to be decarburized, reducing the carbon content so that it still gives the lowest value of hardness on the surface based on the Jominy graph. How is a still-acceptable theoretical factor of decarburization A for a particular steel determined? The lowest acceptable theoretical value A, and with that a still-acceptable depth of decarburization x A is determined by transferring the lowest value of the hardness of the surface from the Jominy graph to the diagram for martensite hardness vs. carbon content (Figure 13 in [31] ). Then a curve with the appropriate martensite content is chosen by taking into account the content of retained austenite in the microstructure, the carbon content in the steel for the selected hardness is read and, finally, a value for A is calculated. The hardness of the surface in the Jominy graph for C45 steel is 55-62 HRC and the carbon content is C = 0.42-0.50 wt % [19, 32] . As a very low retained austenite content is typical for carbon steels, the curve corresponding to 99% martensite in the microstructure is chosen. The curve shows that at 99% martensite in the microstructure, 55 HRC is achieved with a carbon content C ≈ 0.38 wt % = C xA . Considering the hardness, this carbon content is the lowest acceptable theoretical carbon content for C45 steel. (The correctness of this approach is proven by the Jominy graph for C45 and C35 steels, which partially overlap [32] . The hardness of the surface in the Jominy graph of C35 steel is 48-58 HRC and carbon content is C = 0.32-0.39 wt %). Based on this, the lowest acceptable value for the factor of decarburization for C45 steel with the carbon content C = 0.43 wt % is A = C xA /C 0 = 0.38/0.43 = 0.884. The depth x 0.884 is calculated using Equation (6), adjusted to these circumstances:
for C xA = 0.38 wt% : A = 0.884 and B ≈ 1.11; x 0.884 = 10647· t a ·e −17801 Ta , (µm) (12) where: T a is the absolute annealing temperature (K), and t a is the annealing time (s) at the temperature T a . By analogy with Equation (11), the theoretical visible depth d th dec 0.884 at the carbon content C ≈ 0.38 wt % from the outer steel surface of the sample towards the interior is:
The depth of the theoretically still-acceptable decarburization d th dec 0.884 for C45 steel with C 0 = 0.43 wt % is therefore the minimum thickness required to be cut off after annealing in steady air, which should still ensure the lowest acceptable hardness of the surface of C45 steel after the correct quenching. The measured d vis dec , d vis αS and the theoretical decarburization depths d th dec , d th dec 0.884 are presented in Table 2 , while the relations of the visible thicknesses of the decarburization related to the annealing time and temperature are graphically shown in Figure 10 . The time relationship for the maximum thickness of decarburization and the surface ferrite layer is parabolic (Figure 10a,b) , while the temperature relation is exponential (Figure 10c ). The results show the correspondence between the theoretical and experimental values for the maximum visible decarburization, which is also shown by the th dec d / vis dec d ratio. The maximum visible depth of decarburization is greater at higher annealing temperatures and longer annealing times; however, this does not apply to the ferrite-only surface layer, as this layer is thinner at Ta = 850 °C and 950 °C than it is at 760 °C. This is a consequence of the faster oxidation at higher temperatures and of the incubation time required for the sufficient decarburization of the austenite (at Ta = 850 °C austenite must first decarburize to a carbon content CγG-S ≈ 0.13 wt % and only then will the surface ferrite layer begin to form during the annealing; at Ta = 950 °C austenite must first decarburize to a carbon content CγG-S < 0.02 wt % for the surface ferrite layer to start forming during cooling). At Ta = 850 °C a time anomaly is revealed with the thickest ferrite layer being present after ½ h of annealing. This is definitely a consequence of the process of oxidation overtaking the process of decarburization at longer annealing times and therefore "consuming" more of the decarburized surface layer (the rate of oxidation is equal to or higher than the rate of complete and partial decarburization after 1 h of annealing, while the speed of decarburization becomes higher than the speed of oxidation after longer annealing times, which is shown by the ferrite layer becoming visible on the surface again). Metallographically measured depths of the visible decarburization are larger than the lowest required th dec d 0.884 (carbon content C = 0.38 wt %) and are determined in a depth of carbon content C = 0.39-0.42 wt %. We have therefore metallographically assessed the depth of the visible decarburization with a carbon content of 0.91C0 to 0.98C0 in a ferrite-pearlite microstructure, which is similar to the findings in [16, 25] . The results show the amount of surface material necessary to be cut off, so that the hardness of the surface of the C45 steel after quenching will still be acceptable. From Table 2 , it is clear that the thickness of the measured ferrite or predominantly ferrite layer is substantially smaller than the th dec d 0.884 depth (except at Ta = 760 °C, which is described later), which confirms the validity of the calculations. If the strength and ductility of the product are more important, then the acceptable depth of decarburization (and therefore also factor A) can be smaller than th dec d 0.884 because of the lower strength and not-so-hard low carbon martensite will form in the The time relationship for the maximum thickness of decarburization and the surface ferrite layer is parabolic (Figure 10a,b) , while the temperature relation is exponential (Figure 10c) . The results show the correspondence between the theoretical and experimental values for the maximum visible decarburization, which is also shown by the d th dec /d vis dec ratio. The maximum visible depth of decarburization is greater at higher annealing temperatures and longer annealing times; however, this does not apply to the ferrite-only surface layer, as this layer is thinner at T a = 850 • C and 950 • C than it is at 760 • C. This is a consequence of the faster oxidation at higher temperatures and of the incubation time required for the sufficient decarburization of the austenite (at T a = 850 • C austenite must first decarburize to a carbon content Cγ G-S ≈ 0.13 wt % and only then will the surface ferrite layer begin to form during the annealing; at T a = 950 • C austenite must first decarburize to a carbon content Cγ G-S < 0.02 wt % for the surface ferrite layer to start forming during cooling). At T a = 850 • C a time anomaly is revealed with the thickest ferrite layer being present after 1 2 h of annealing. This is definitely a consequence of the process of oxidation overtaking the process of decarburization at longer annealing times and therefore "consuming" more of the decarburized surface layer (the rate of oxidation is equal to or higher than the rate of complete and partial decarburization after 1 h of annealing, while the speed of decarburization becomes higher than the speed of oxidation after longer annealing times, which is shown by the ferrite layer becoming visible on the surface again). Metallographically measured depths of the visible decarburization are larger than the lowest required d th dec 0.884 (carbon content C = 0.38 wt %) and are determined in a depth of carbon content C = 0.39-0.42 wt %. We have therefore metallographically assessed the depth of the visible decarburization with a carbon content of 0.91C 0 to 0.98C 0 in a ferrite-pearlite microstructure, which is similar to the findings in [16, 25] . The results show the amount of surface material necessary to be cut off, so that the hardness of the surface of the C45 steel after quenching will still be acceptable. From Table 2 , it is clear that the thickness of the measured ferrite or predominantly ferrite layer is substantially smaller than the d th dec 0.884 depth (except at T a = 760 • C, which is described later), which confirms the validity of the calculations. If the strength and ductility of the product are more important, then the acceptable depth of decarburization (and therefore also factor A) can be smaller than d th dec 0.884 because of the lower strength and not-so-hard low carbon martensite will form in the decarburized surface zone after quenching. Both the ductility and the resistance to surface-crack initiation will increase as a consequence, while the strength of the structural component will not be decreased because of the very thin, lower strength surface layer [33] .
Theoretically, the obtained values of the visible decarburization might be distinguished from the measured values only at T a = 850 • C, t a = 1 h. Because there is practically no visible decarburization under these conditions, it means that the C45 steel could possibly be annealed in an air atmosphere at this temperature and for this long a time. In general, a large part of the surface remains visibly non decarburized also under other experimental annealing conditions (except at T a = 760 • C, t a = 2 h and T a = 1100 • C, 1 2 h ≤ t a ≤ 2 h, where a continuous completely decarburized surface layer is present). Similar results for a non-alloyed steel with C = 0.75 wt %, annealed in an air atmosphere at temperatures T a = 800-1000 • C for t a = 3 h and 24 h are given in [4] . Here, it was found that there is no decarburization at the spots where the oxide tightly fits the surface and vice versa. The reasons for such a difference in states of the same surface should therefore be looked for in different fittings of the oxide layer (this is probably somewhat affected by the different rate of oxidation for the individual segments of the surface or of different surfaces; vertical and rounded surfaces oxidize differently than the horizontal ones) and with that connected local cracking of the oxide layer, which is certainly also a consequence of the segregations in steel. The effect of segregations is not shown only in non-decarburized and decarburized segments of the same surface, but also in the decarburized surface layer itself. This is most evident in the samples annealed at T a = 950 • C for t a = 1 2 and 2 h (Figure 8) , where segregations are visible as an inserted thin pearlite layer in a completely ferrite surface layer (it is also possible that these kinds of carbon segregations in the surface layer occur during the process of decarburization or even during the cooling of the decarburized austenite).
The visible decarburized layer d vis dec is equal to the completely decarburized ferrite layer d vis αS at the annealing temperature T a = 760 • C (under the latter there is no partially decarburized layer as the surface ferrite layer borders directly on the non-decarburized steel) because of the decarburization in the two-phase equilibrium state (α + γ). The d th dec 0.884 depth is irrelevant at this temperature because the d th dec 0.884 values are located in the ferrite layer, as seen in Table 2 . This means that the theoretical model used in practice in this annealing region must always provide a positive deviation from the measured values. If this is not the case, then there will be a remainder of completely decarburized surface ferrite areas left, even after machining the surface, which will consequently cause a soft surface even after quenching. It was found that the absolute depth x 0.976 with B ≈ 1.6 is appropriate and it is calculated using Equation (6):
x 0.976 = 2.7798· √ t a , (µm) (14) where: t a is the annealing time (s) at the annealing temperature T a (K). Using an analogy with Equations (11) and (13), the value for d th dec 0.976 is calculated with the equation:
The calculated values x 0.976 and d th dec 0.976 are given in Table 2 . A larger positive deviation of the calculated values from the measured ones is present only at the annealing time t a = 1 2 h. Under these conditions there is a very local surface-decarburized ferrite layer, which is dimensionally almost identical to the bands of non-transformed ferrite in the rest of the volume of the steel. The process of oxidation apparently runs faster than the decarburization or slows it down, which shows the acceptability of annealing in air also for the production of dual-phase steel (ferrite + martensite).
The theoretical model can positively or negatively deviate from the measured values at T a > A C3 because of the presence of a partially decarburized layer. If the theoretical values show a positive deviation from the measured ones (d th dec > d vis dec ), then this guarantees that the maximum hardness values based on the Jominy graphs have been achieved. In the case of a negative deviation, the theoretical values must fulfil the condition d th dec > d th dec 0.884 for C45 steel based on the required minimum hardness. If strength and ductility are more important, then d th dec < d th dec 0.884 is also good, but there must be no completely ferrite or predominantly ferrite surface layer present after machining of the surface; therefore, the d th dec > d vis αS condition must always be met. A surface layer of ferrite is therefore always forbidden.
Conclusions
The hypo-eutectoid carbon steel C45 with a carbon content C = 0.43 wt % and with an initial ferrite-pearlite microstructure, having a grinded, non-oxidised surface, was isothermally annealed in steady air at temperatures T > A C1 in three temperature regions (A C1 < T a < A C3 , A C3 < T a < T G in T a > T G ) and times t a = 1 2 , 1, 2 h. On the basis of the experimental and theoretical results, we can conclude the following for pieces with a mass m ≤ 180 g:
•
The oxidation, the maximum visible decarburization of the surface and the completely decarburized ferrite layer grow with longer annealing times in accordance with the parabolic law of growth. The thickness of the decarburized layer increases exponentially with higher temperatures. The reasons for some global and local discrepancies in practice (total absence of decarburization, thinner completely decarburized ferrite surface layer at higher temperatures, locally limited decarburization) must be searched for in the ratio of the rates of oxidation and decarburization, the different fittinsg of the oxide layer on the steel surface, the local peeling off and cracking of the oxide layer and with that the associated different rates of oxidation for the individual local segments, the effect of segregations on the kinetics of oxidation and decarburization, the effect of segregations on the local peeling off, and the cracking of the oxide layer. • Under the annealing conditions T a = 850 • C, t a = 1 h there is no visible decarburization. This means that under these conditions, the oxidation of the surface of C45 steel that was grinded prior to annealing is faster than the decarburization and that normalization and annealing for quenching can be performed in an air atmosphere. Because of the very locally limited minimal decarburization at T a = 760 • C, t a = 1 2 h it is acceptable to also perform annealing for a dual-phase (ferrite + martensite) microstructure in an air atmosphere under these conditions. Under all other annealing conditions, it is necessary to introduce measures for the prevention of decarburization or to take into account the addition of thickness prior to the annealing, which is the sum of the thicknesses of both the oxidized layer and the visible decarburized layer. • A completely ferrite surface layer without a partially decarburized layer exists only in the samples that were annealed at T a = 760 • C (A C1 < T a < A C3 ) in a dual-phase region (α + γ). This is a consequence of the specific course of the austenite decarburization at the inner boundary of the ferrite layer in conditions of constant and time-independent thermodynamic equilibrium between the ferrite and austenite grains in the whole volume of an annealed piece. These conditions do not allow the partial decarburization towards the interior to occur, as is the case with pieces annealed at T a > A C3 . • A continuous, visible, decarburized ferrite layer forms only under the annealing conditions T a = 760 • C, t a > 1 h, while at T a = 1100 • C, 1 2 h ≤ t a ≤ 2 h (steel is very overheated here) there is a partially decarburized layer spread towards the interior under the continuous surface ferrite layer. Under all other annealing conditions there are only local decarburized surface layers in which there is, besides a partial decarburization, also a thin superficial, completely ferrite layer observed. This layer forms already during the annealing at the annealing temperatures A C1 < T a < T G , while at T a > T G it only forms later, during the cooling of the completely decarburized austenite. The thickest strongly decarburized surface layer is formed at T a = 1100 • C, which is a consequence of the high temperatures and their effect on the oxidation and decarburization of the steel surface. • Even though the Van-Ostrand-Dewey equation was developed for the decarburization of austenite (T a > T G ), the results show that it can be used, at least in certain time periods, for all annealing temperatures T a > A C1 , which widens the temperature region of its use considerably.
• With the method of trial and error, the Van-Ostrand-Dewey equation enables the adjustment of calculated values with experimental measurements and an assessment of the accuracy of the measurements for different experimental techniques. The metallographically and theoretically measured depths of decarburization with a carbon content of 0.91C 0 to 0.98C 0 in a ferrite-pearlite microstructure, formed during cooling in steady air, can be adjusted, in general, with a 93% to 98% accuracy.
The most suitable equation for calculating the diffusion coefficient of carbon in austenite for the researched experimental state is also determined by the Van-Ostrand-Dewey equation. Because of the completely decarburized austenite in the surface layer, the equation that gives the lowest values for the diffusion coefficient of carbon in austenite at annealing temperatures T a (K) is appropriate: D Cγ = 0.23·e −148000/(R·T a ) (cm 2 /s); R = 8.314 J/mol·K.
The equations used to calculate the thickness of oxidized steel d m and the absolute depth of the decarburization x A can also be used to precisely theoretically determine the visible decarburization d th dec of the C45 steel with a difference of both quantities d th dec = x A − d m . This shows that the equation for growth of the oxide layer d ox on iron, from which the thickness of the oxidized iron d m is calculated, also describes the oxidation of non-alloyed steel in steady air relatively well, even though the literature stated a slower oxidation of non-alloyed steel in comparison with iron.
Most types of annealing take place at temperatures T > A C3 ; therefore, the addition of thickness, which has to be more than the absolute depth of the decarburization x 0.884 , must be taken into account before annealing in steady air for C45 steel with C = 0.43 wt % to achieve the required hardness. In the case of the annealing conditions at which visible decarburization does not exist, the additional thickness only has to be greater than the calculated thickness of the oxidized steel d m . When annealing for the production of dual-phase steel under the annealing conditions T a = 760 • C, t a ≥ 1 h, it is necessary to ensure the addition of thickness in the size of the absolute depth of decarburization x A = x 0.976 , because of the removal of the surface ferrite layer.
